Mechanical alloying was used to prepare Co40Fe60, Co60Fe35Ni5, Co 40 Fe 45 Ni 15 , and Co 40 Fe 35 Ni 25 alloys from the elemental powders. As X-ray diffraction studies proved the final products of milling were the solid solutions with bcc or fcc lattice and the average grain size between 20 and 50 nm. After heating of the alloys up to 993 K, the mixtures of two solid solutions with bcc and fcc lattices were formed in the case of Co-Fe-Ni alloys. Thermal treatment did not influence the type of the lattice of Co 40 Fe 60 alloy. The Mössbauer spectroscopy revealed hyperfine magnetic field distribution ranged from 33 to 38 T for Co 40 Fe 60 alloy and from 30 to 37 T for Co-FeNi alloys. In the case of two-phase alloys, distributions were decomposed into two simple Gaussian functions using the numerical fitting. Magnetic measurements allowed to determine the effective magnetic moments and the Curie temperatures of the obtained alloys.
Introduction
It is known that Co-Fe-Ni ternary alloys, especially as thin layers, are interesting materials because of their good soft magnetic properties causing the application of these alloys as write head core materials in hard-disk drives [1] [2] [3] . Recently, we have suggested the mechanical alloying (MA) as the potential technology of production of Co-Fe-Ni alloys as soft magnetic powders. Such alloys reach saturation magnetization of the order of 1.6-1.8 T and coercive field about 1193-5331 A m −1 [4, 5] . The values of the coercive field reported by us for mechanically synthesized Co-Fe-Ni alloys are comparable with those for nanocrystalline Fe-based alloys, for example FeCoZr or FeCuNbSiB, and they are placed on the left side of the well known Herzer dependence of coercivity on grain size for various soft magnetic metallic alloys (see Fig. 1 ) [6] . -FeNbSiB, • -FeCuNbSiB, -FeCuVSiB, -FeZrB, -FeCoZr (Ref. [6] and references therein); slashed triangle -region of our results for Co-Fe-Ni alloys [4, 5] .
This work follows our systematic investigations of the mechanically synthesized Co-Fe-Ni alloys subjected to thermal treatment, subsequently. The chemical compositions were chosen on the basis of the phase diagram reported for the Co-rich Co-Fe-Ni bulk alloys obtained by melting [3] and the diagram showing regions of composition with high saturation magnetic flux density for these alloys (Ref. [1] and references therein). Structural properties and hyperfine interactions of the alloys after MA process as well as after thermal treatment were characterized on the basis of X-ray diffraction (XRD) and Mössbauer spectroscopy (MS), respectively. Moreover, the macroscopic magnetic properties of the alloys were determined from the magnetic measurements. In our previous studies we have proved that MA is a method providing Co-Fe-Ni alloys, which are in the nonequilibrium state [7] . Thermal treatment of the mechanosynthesized alloys have caused the structural changes, i.e. an increase in the grain size accompanied with a decrease in the level of internal strains, the change of the type of the crystalline lattice or the decomposition of the alloy into the mixture of two solid solutions with bcc and fcc lattice, respectively [7] . The aim of this work was to estimate the contributions of the suitable solid solutions in the decomposed alloys on the basis of the hyperfine magnetic field distributions. XRD measurements were performed using a Philips PW 1830 diffractometer working in a continuous scanning mode with Cu K α radiation. On the basis of the XRD patterns, the average grain sizes, D, and the mean level of internal strains, ε, were determined using the Williamson-Hall approach [8] . The lattice constants were determined from the shift of the diffraction lines.
Experiment
MS studies were carried out at room temperature in standard transmission geometry using a source of 57 Co in a rhodium or a chromium matrix. Temperature dependences of magnetization were measured on a Faraday balance up to 1100 K in magnetic field up to 1.5 T with the relative accuracy better than 1%. The temperature was stabilized within ±0.5 K and the heating rate was up to 4 K per min. (1) heating from the room temperature up to 993 K in a calorimeter under an argon atmosphere with the rate of 20 K per min and (2) isothermal annealing in a furnace at 1173 K for 1 h in vacuum.
Results and discussion
As XRD and MS measurements proved, the alloys started to form after 5 h of milling. Figure 2 presents the XRD patterns of the final product of milling (after 100 h MA) and patterns for the heated and annealed samples. Detailed analysis of XRD patterns allowed to state that during MA process of Co 40 Fe 60 , Co 60 Fe 35 Ni 5 , and Co 40 Fe 45 Ni 15 alloys, the disordered solid solutions with bcc lattice were formed. In the case of Co 40 Fe 35 Ni 25 alloy, the disordered solid solution with fcc lattice was obtained in MA process. These results agree with the phase diagram for the bulk Co-rich melted Co-Fe-Ni alloys reported in [3] . It may be noted that both thermal processes did not change the type of the crystalline lattice in the case of Co 40 Fe 60 alloy (Fig. 2a) (Fig. 2c) . All the structural parameters for the investigated alloys after MA process as well as after thermal treatment are listed in Table I . All Mössbauer spectra registered for the samples after the particular milling times and after thermal treatment are six-like patterns. occupy the lattice sites randomly), the Mössbauer spectra were fitted using the hyperfine magnetic field (HMF) distribution. The distributions were obtained for the samples after particular milling times and after heat treatment. It was noted that after 5 h of MA process besides the component originating from iron (B hf ≈ 33 T), an additional component with higher field (above 35 T) appeared, which proved the formation of Co-Fe or Co-Fe-Ni alloys. The distributions obtained for the samples milled for longer times were broadened and smoothened. Figure 4 presents As mentioned, in the case of all heated Co-Fe-Ni alloys, the annealed Co 60 Fe 35 Ni 5 and Co 40 Fe 45 Ni 15 alloys, the thermal processes have caused the formation of the mixture of bcc and fcc solid solutions. The suitable HMF distributions were numerically decomposed into two parts which were attributed to individual phases. In the procedure, the experimental HMF distributions were fitted using two Gaussian functions. Such starting parameters, as half width of the Gaussian curve, its amplitude, center position were chosen on the basis of properties of distributions obtained for the single-phase samples. The program allowed to estimate the area of the individual Gaussian component (A in %) assuming that the total area of the experimental HMF distribution is 100%. Moreover, the average value of the hyperfine magnetic field, B , for each component was calculated. Both values, A and B are listed in Table II .
Results of magnetic measurements are presented in Fig. 5 . From the magnetization curves the room-temperature magnetization, σ RT and the effective magnetic moment per formula unit, µ eff , were determined. The Curie temperature, T C , was estimated by extrapolation of the high temperature part of the magneti- [10] . The reduced Curie temperature of the investigated Co-Fe-Ni alloys after MA may be caused by the relatively high value of the lattice strains as well as by the large amount of atoms located in strongly disordered grain boundaries. 
Conclusions
On the basis of the performed studies and our previous results it may be stated that Co-Fe-Ni alloys prepared by MA process are in the non-equilibrium state. An increase in the grain sizes and a decrease in the internal strains of alloys were observed after thermal treatment. Moreover, most of alloys decomposed into the mixture of two solid solutions. In the case of Co 40 Fe 60 alloy the phase composition of the alloy was stable after heating or annealing.
Alloys were characterized by the relatively broad HMF distributions. Generally, the average values of HMF for bcc alloys are larger than those for fcc alloys by about 1-2 T. In the case of two-phase alloys, the bcc solid solution is a dominant phase in Co Possible trends in macroscopic magnetic properties of the mechanosynthesized and thermally treated Co-Fe-Ni alloys as well as the dependences between the hyperfine magnetic fields and magnetic moments will be a subject of further investigations.
